a basis for experience-dependent visual cortical plastic-
ity. However, dark-rearing is an unusual form of sensory longer response latency. The NMDAR-mediated field potentials were attenuated by application of NR2B-selecdeprivation because many aspects of cortical development are postponed until the animal experiences light tive antagonists (3 M ifenprodil or 5 M CP101,606), and the remaining synaptic (calcium-dependent) re-(Cynader and Mitchel, 1980; Mower, 1991; Fagiolini et al., 1994) . Therefore, it has not yet been established sponse was entirely abolished by bath application of the NMDAR antagonist AP5 (100 M). whether the changes observed after DR and LE are a response to sensory deprivation and subsequent expe-NMDAR-mediated FPs were monitored using probing stimulation consisting of 4 pulses separated by 30 s, rience or if they are responses to arrested cortical development.
given every 10 min (see Appendix [http://www.neuron. org/cgi/content/full/29/1/157/CD1] for rationale). When In this paper, we describe experiments designed to test the hypothesis that changes in NMDAR subunit the response was stable for 30 min, the NR2B-selective antagonist was washed on for 90 min. The percent recomposition and function contribute to bidirectional, experience-dependent synaptic plasticity in visual cortex. duction of the response by the antagonist was determined by comparing the 30 min average immediately We report that only 2 hr of visual experience in DR animals is sufficient to significantly alter the kinetics of before adding the drug with the average of four consecutive sweeps collected 90 min after the drug application, NMDAR-EPSCs and to change the subunit composition of the complement of synaptic NMDARs. We also show when the field potential had completely equilibrated. Figure 1B summarizes the effect of NR2B-selective that NMDAR subunit composition and function are bidirectionally modifiable and are altered by brief periods of antagonists on NMDAR-mediated FPs measured in slices from DR and LR animals (postnatal day [P] 21-28). visual deprivation in LR animals. Finally, we present evidence that the changes in NMDAR-EPSC kinetics have a Note that CP101,606 (5 M, 90 min) produces more inhibition of the FP in DR animals (47% Ϯ 3% reduction, profound functional impact on the dynamic properties of synaptic transmission. This is a novel demonstration n ϭ 12 slices from 8 rats) compared to LR animals (35% Ϯ 2% reduction, n ϭ 15 slices from 10 rats; t test, of a molecular mechanism for bidirectional, experiencedependent synaptic changes in the mammalian brain. p Ͻ 0.004), confirming our previous findings using 3 M ifenprodil ( Figure 1B , inset, replotted from Quinlan et al.
[1999b]; also see Appendix [http://www.neuron.org/cgi/ Results content/full/29/1/157/CD1]). To determine whether synaptic NMDAR subunit composition is bidirectionally Three complementary methods were used to study the modifiable, LR rats were given varying periods of BD, properties of isolated NMDAR-mediated synaptic reand ifenprodil sensitivity was tested at P26-P31. While sponses in layers 2/3 of rat visual cortex. To assess the 1 day of BD did not alter the ifenprodil sensitivity of relative contribution of NR2B-containing receptors to NMDAR-FPs ( Figure 1C ; LR: 51% Ϯ 4% reduction, n ϭ synaptic transmission, we investigated the sensitivity 11 slices from 8 rats; LR plus 1 day dark: 48% Ϯ 4% of NMDAR-mediated field potentials (NMDAR-FPs) to reduction, n ϭ 11 slices from 6 rats; t test, p ϭ 0.58), 5 NR2B-selective antagonists. To assess the potential days of BD significantly increased ifenprodil sensitivity functional impact of altered synaptic NR2B expression, ( Figure 1D ; LR: 45% Ϯ 3% reduction, n ϭ 16 slices from we investigated the effects of experience and depriva-9 rats; LR plus 5 days dark: 55% Ϯ 4% reduction, n ϭ tion on the kinetics of NMDAR-EPSCs. Finally, we com-13 slices from 8 rats; p Ͻ 0.05). The slow effect of depripared the short-term plasticity and temporal summation vation contrasts with the finding that just 2 hr of LE is of responses mediated by NMDARs with those mediated sufficient to decrease ifenprodil sensitivity in DR rats by AMPA receptors (AMPARs) in DR and LR animals. (Figure 1D , inset; Quinlan et al., 1999b) . These data indicate that subunit composition can be Visual Experience and Deprivation bidirectionally modified by experience, although the Bidirectionally Modify the Subunit time course for synaptic modifications differs. The fact Composition of Synaptic NMDARs that 5 days of BD is sufficient to lower the NR2A/B ratio We previously reported that NMDAR-FPs, evoked in layin LR rats to a level similar to that in animals reared in ers 2/3 by layer 4 stimulation, show heightened sensitivcomplete darkness from birth suggests that the effect ity to ifenprodil in the visual cortex of DR animals. Here of DR on the NR2A/B ratio is not merely a reflection we have extended this analysis to the effects of brief of arrested development. Rather, the synaptic NR2A/B BD in LR animals. We begin with a brief description of ratio in visual cortex, as reflected in the sensitivity of the approach (more detail is provided in the Appendix NMDAR-FPs to ifenprodil, appears to accurately reflect [http://www.neuron.org/cgi/content/full/29/1/157/CD1]), the recent history of visual experience. summarize and extend our previous findings, and compare these with the effects of BD (produced by placing LR animals in a darkroom).
Visual Experience and Deprivation Bidirectionally Modify the Kinetics of NMDAR-EPSCs Layer 2/3 field potentials typically have short response latencies, and the response is mediated by both the To test whether differences in subunit composition are translated into functional differences in NMDARs, we AMPA-and NMDA-type glutamate receptors ( Figure  1A ). We pharmacologically isolated the NMDAR-mediexamined the kinetics of NMDAR-mediated currents from layer 2/3 pyramidal cells, identified by their pyramiated component by bathing slices in a modified artificial cerebrospinal fluid (ACSF) solution (see Experimental dal shape, size, and prominent apical dendrite extending toward the pial surface. In all instances when Lucifer Procedures). NMDAR-mediated potentials were small in size ‫%53ف(‬ of the original field potential) and had a yellow was included in the internal recording solution, cells were confirmed to be layer 2/3 pyramidal cells of the NMDAR antagonist AP5. Because current decays became correlated to series resistance at high series resisusing fluorescent microscopy. However, we can not exclude the possibility that some non-pyramidal cells were tance, only cells with series resistance Ͻ30 M⍀ were included in this study (average R S ϭ 16.4 Ϯ 0.8 M⍀). included in the study because histology was not performed on all cells.
To describe the deactivation kinetics of NMDARmediated EPSCs, 30-60 evoked EPSCs were averaged, In order to isolate NMDAR-mediated EPSCs, slices were bathed in an ACSF medium containing: CNQX to and the current decays were described using the following formula: block non-NMDARs, picrotoxin to block GABA A receptors, and saturating concentrations of the NMDAR coa-I(t) ϭ I f exp(Ϫt/ f ) ϩ I s exp(Ϫt/ s ), gonist glycine. In addition, ACSF containing high divalent cation concentrations was used in order to minimize where I is the current amplitude, t is time, I f and I s are the peak amplitudes of the fast and slow components, polysynaptic activity. Cells were voltage-clamped at ϩ40 mV to remove Mg 2ϩ block. Stimulation was adjusted respectively, and f and s are their respective time constants. A nonlinear regression in GraphPad Prism softso that evoked currents were near 100 pA. Under these conditions, isolated NMDA-mediated currents demonware (San Diego, CA) was used to fit decay curves. Small perturbations in the values of I f , I s , f , and s did not strated a typical "J" shaped I-V relation, had a reversal potential near 0 mV, and were blocked by the application appreciably decrease the quality of the fit; therefore, the Table 1 ). Figure 2A presents the composite, normalized Although the effects of sensory experience and deprivation on NMDAR current duration were reliable and con-NMDAR-mediated EPSCs recorded in visual cortex of P21-P28 DR rats (n ϭ 11 cells from 4 rats), and DR rats sistent, the changes were relatively modest. However, in principle, even small changes could have a large cuexposed to light for 2 hr (n ϭ 9 cells from 4 rats). The value of w in DR rats, 112.3 Ϯ 6.9 ms, was significantly mulative impact on the responses to trains of stimuli. To examine this possibility, an additional series of expergreater than that in LE rats, 89.7 Ϯ 6.5 ms (t test, p Ͻ 0.04; Figure 2B ). Thus, 2 hr of light exposure is sufficient iments was performed in visual cortex of LR and DR animals. Stimulation was adjusted so that evoked to significantly shorten NMDAR current decay.
To test whether changes in NMDAR current duration NMDAR-EPSCs were near 100 pA. As suggested from the earlier experiments, currents were significantly could be bidirectionally modified, P26-P31 LR animals were either left in the normal light:dark cycle (n ϭ 25 faster in pyramidal cells from LR cortex as compared to cells from DR cortex (Table 1 ). cells from 6 rats) or binocularly deprived of light (n ϭ 18 cells from 4 rats). As compared to LR controls, 5
We used 10, 20, or 40 Hz trains of 11 stimulation pulses, given every 6 s for 3 min (for a total of 30 trains), days of BD caused a significant increase in the duration of NMDAR-EPSCs (LR w : 96.7 Ϯ 5.4 ms; BD w : 115.9 Ϯ to determine whether the experience-dependent differences in NMDAR subunit composition and current dura-7.5 ms; t test, p Ͻ 0.04; Figures 2C and 2D) .
These experiments reveal that a synaptic consetion affected the summation of NMDA-mediated currents ( Figure 3A ). Current responses were averaged for quence of visual experience is a shortening of NMDAREPSCs, which is reversed by sensory deprivation. Conall 30 trains, unless otherwise noted. Quantification was Our data demonstrate that ifenprodil sensitivity of NMDAR-FPs is enhanced in layers 2/3 of visual cortex of DR and BD rats compared to LR and light-exposed Discussion DR animals. Several lines of evidence suggest that this difference is due specifically to changes in the proporThe major finding of this study is that the history of sensory experience is recorded by visual cortical syntion of NR2B-containing receptors. First, the effects of dark-rearing and visual experience were only observed apses as a change in the subunit composition and functional properties of NMDARs. Visual experience is using a range of ifenprodil concentrations at which the drug was selective for NR2B-containing receptors. Secassociated with decreased expression of NR2B-only receptors in the population of synaptic NMDARs and a ond, another more potent NR2B antagonist, CP101,606, yielded identical results. Third, AP5, an antagonist that shortening of NMDAR-EPSC duration. Visual deprivation exerts an opposite effect: increased contribution of does not discriminate between NR2 subunits, had comparable effects in visual cortex of DR and LR animals. NR2B-containing receptors and longer duration currents. Although the effects of experience and deprivaThus, the altered ifenprodil and CP101,606 sensitivity is not merely a consequence of a change in the total numtion are reversible, the rates of synaptic modification are different. Experience can induce a detectable change in ber of functional NMDARs, although we cannot exclude the possibility that this also occurs. synaptic transmission within hours, while deprivationinduced changes take several days. We also find that Native NMDARs may exist as NR1/NR2A and NR1/ NR2B diheteromers or as NR1/NR2A/NR2B triheteromodest differences in EPSC kinetics can have striking functional consequences. Because the short-term plasmeric receptors (Sheng et ., 1999a, 1999b) . Those studies showed that visual experience increases the ratio of NR2A/B protein while visual deprivation reduces it. Moreover, the time course of the biochemical changes agrees perfectly with the changes in ifenprodil sensitivity. The close correlation between protein measurements and ifenprodil sensitivity suggests that the measured changes in protein are functionally significant and, indeed, causally related to the modifications in synaptic transmission reported here. In this context it is noteworthy that the biochemical changes were restricted to visual cortex, suggesting that the functional changes we have reported here are a specific consequence of visual experience and deprivation and not a global response to the stress of dark-rearing or sudden LE. Moreover, the fact that BD produces effects (both biochemical and functional) as pronounced as dark-rearing strongly supports the idea that the changes in NMDARs in visual cortex are specifically related to changes in the visual environment.
Notably, the most reliable effect of experience and deprivation on NMDAR subunit protein expression was a change in NR2A expression; NR2B levels were unchanged in DR animals as compared with LR controls. Lester and Jahr, 1992). Notably, NR2B-containing reand recordings were made in saturating levels of glycine. Thus, our data strongly suggest that a modest expericeptors have a stronger binding affinity for glutamate than NR2A-containing receptors, and NR2B-containing ence-dependent change in NMDAR composition and, thus, current duration, translates into a dramatic differreceptors are also slower to desensitize and slower to recover from desensitization  ence in short-term current summation at high frequencies of stimulation. Priestley et al., 1995; Vicini et al., 1998) . These studies support the idea that differences in EPSC decay are A previous study has demonstrated that partial whisker trimming can alter the short-term plasticity of likely attributable to the subunit-specific properties of glutamate affinity and desensitization (Lester and Jahr, synaptic AMPAR-mediated responses between layer 4 and 2/3 synapses in rat somatosensory cortex (Finnerty 1992; Laurie and Seeburg, 1994; Priestley et al., 1995; Vicini et al., 1998). We cannot rule out the possibility et al., 1999). These authors concluded that AMPARmediated EPSPs exhibited greater short-term synaptic of additional experience-dependent modifications of NMDAR function (e.g., by phosphorylation/dephosphordepression at 5-10 Hz in "spared" cortical pathways as compared to "deprived" pathways, although no differylation; Shi et al., 2000) ; indeed, in the course of this study we discovered that isolated NMDAR-mediated reences were observed at higher frequencies. In contrast, we failed to observe experience-induced shifts in sponses are highly susceptible to rapid, activity-dependent modifications (see Appendix [http://www.neuron.
AMPA-mediated currents in visual cortex. This difference might be attributed to the fact that the Finnerty org/cgi/content/full/29/1/157/CD1]). However, the close parallel between bidirectional changes in current duraet al. study had the advantage of using within animal controls to aid in the detection of relatively modest diftion, ifenprodil sensitivity, and NR2A/B protein expression strongly supports the conclusion that experienceferences in short-term plasticity. Alternatively, there are likely differences in the types of experience-dependent dependent alterations of NMDAR subunit composition are a molecular basis for the observed changes in plasticity that are induced in somatosensory and visual cortices, or there might be differences in competitive NMDAR-EPSC kinetics.
( whole-cell configuration using a patch-clamp amplifier (Axoclamp used. All subjects were fed ad libitum. Control LR rats were raised 1D, Axon Instruments), and data were acquired and analyzed using on a 12:12 light:dark cycle, while DR rats were raised in complete a system from DataWave Technologies (Boulder, CO). Pipette seal darkness. BD or LE was performed by placing subjects in complete resistances were typically Ͼ1 G⍀, and pipette capacitive transients darkness or on the normal light:dark cycle, respectively, and was were minimized prior to breakthrough. Series resistance was meabegun ‫5ف‬ hours into the light:dark cycle. 
